We show that the heavy-fermion compound CeCu2Si2 undergoes a transition between two regimes dominated by different crystal-field states. At low pressure P and low temperature T the Ce 4f electron resides in the atomic crystal-field ground state, while at high P or T , the electron occupancy and spectral weight is transferred to an excited crystal-field level that hybridizes more strongly with itinerant states. These findings result from first-principles dynamical-mean-field-theory calculations. We predict experimental signatures of this orbital transition in X-ray spectroscopy. The corresponding fluctuations may be responsible for the second high-pressure superconducting dome observed in this and similar materials.
The maximum of the low-pressure SC dome has been unambiguously related to an AFM quantum critical point located at P c . Indeed, specific heat measurements under small applied pressures in an external magnetic field [10] reveal that small deviations from the nominal stoichiometry stabilize either the AFM or SC phases at zero pressure [11] . The SC transition is accompanied by a lowering of the magnetic exchange energy [12] . It is widely accepted, based on these observations, that the low-pressure SC phase is due to spin-fluctuation mediated pairing, similar to the single-dome SC in CePd 2 Si 2 and CeRh 2 Si 2 .
In contrast, no consensual picture has emerged up to date for the pairing mechanism in the high-pressure SC phase. The AFM order is already suppressed at pressures significantly below P * c , ruling out spin-fluctuation driven SC. For P > ∼ P * c , the effective mass estimated from the AC specific heat is significantly reduced [13] . The normal-state resistivity around P * c is described by ρ = ρ 0 + AT n , with a large enhancement of ρ 0 and a non-Fermi liquid exponent n ≈ 1 [14] . Recent multiprobe transport measurements clearly revealed the proximity of a critical point close to P * c [4, 5] . It has been proposed [15] that P * c is associated with the critical end-point of a first-order valence transition (VT), and that the associated critical fluctuations may provide the pairing mechanism in the high-pressure SC phase [13] . Such a VT, at which the Ce-4f orbital occupancy n f jumps discontinuously, has been obtained within a single-band periodic Anderson model (PAM) in which an additional repulsion between the conduction electron band and the f -orbital is introduced [16] . However, recent X-ray absorption measurements in a wide pressure range from 0 to 7.8 GPa detected only a smooth and weak decrease of n f as a function of pressure, without any marked feature around P * c [17] . These results are in clear contradiction with the proposed valence transition and valence-fluctuation mechanism for SC.
In this letter, we provide theoretical evidence that P * c is actually associated with an orbital transition between two different crystal-field levels. This conclusion is reached by performing first-principles calculations of CeCu 2 Si 2 which combine electronic structure methods (density functional theory in the local density approximation -LDA) with a many-body treatment of the strong correlations in the Ce-4f shell (dynamical mean-field theory -DMFT). We investigated the evolution of the electronic structure of the normal paramagnetic state as a function of applied pressure and temperature in the range 0 < P < 8 GPa, 7 < T < 58 K. Our calculations reveal that while n f remains close to unity within the whole range, the occupancies of different crystal-field (CF) levels within the Ce 4f 1 multiplet change drastically as function of P and/or T . At low pressure and temperature the 4f electron is mostly located at the ground-state level of the atomic Hamiltonian, while with increasing P (and T ) the electron weight is transferred to an excited level, which hybridizes more strongly with itinerant bands. The transition as a function of pressure becomes more drastic at low temperature, hinting at a quantum critical point at P ≈2.5 GPa, in rather close proximity to the maximum of the second SC dome. We show that the low-energy electronic structure is affected by this orbital transition, with the main Kondo resonance changing its orbital character. Finally, we predict distinctive signatures of this orbital transition in non-resonant inelastic X-ray scattering (NIXS) experiments.
We use a fully charge self-consistent LDA+DMFT method [18, 19] which combines a full-potential bandstructure technique [20] with the DMFT [21] treatment of the on-site Coulomb repulsion between Ce 4f states. The DMFT quantum impurity problem was solved with the numerically exact hybridization-expansion continuoustime quantum Monte-Carlo (CT-QMC) method [22] , as implemented in the TRIQS [23] package [24] .
We calculated CeCu 2 Si 2 in its experimental bodycentered tetragonal ThCr 2 Si 2 -type structure ( Fig. 1) and at the measured values of the lattice parameters vs. P reported in Ref. [25, 26] . In a tetragonal crystal field the 2 F 5/2 ground-state multiplet of the Ce 3+ ion is split into three doublets: |0 = a| ± 5/2 + √ 1 − a 2 | ∓ 3/2 , |1 = | ± 1/2 , and |2 = √ 1 − a 2 | ± 5/2 − a| ∓ 3/2 . As one sees in Fig 1a and b, the CF states |0 and |2 differ by their orientation in the (001) plane: while the lobes of |2 point along [110] towards the nearest neighbor Si sites, the lobes of |0 point towards the neighboring Ce sites within the (001) plane. This difference in the spatial orientation leads to a stronger hybridization of |2 compared to |0 , see Fig. 1c . When hybridization to the itinerant (blue squares) of the CF states |0 and |2 , as a function of pressure and temperature. The large, medium, and small symbols denote the occupancies at 58, 14, and 7 K, respectively. The curves are linear interpolations between the corresponding points. Inset: the (T, P ) map of the n0/n2 ratio. The dots indicate the values of T and P for which the LDA+DMFT calculations were performed. The dashed line is the n0 = n2 boundary between the two regions, see text.
bands is neglected (e.g. in the Hubbard-I approximation), the splitting of CF levels exhibits a rather weak pressure dependence with |0 being the ground state, |2 the highest excited doublet and the total width of about 7 meV. This 'bare' CF splitting is significantly smaller than the measured one of 30-37 meV [27] [28] [29] , underlining the importance of hybridization effects in this compound.
When the hybridization between Ce 4f and itinerant electrons is fully included in the LDA+DMFT calculations using CT-QMC, the occupancies of the CF states |0 and |2 (designated by n 0 and n 2 , respectively) develop a strong dependence on P and T , which is displayed in Fig. 2 [30] . As shown there, at the highest T =58 K the strongly-hybridized state |2 dominates over the whole range of pressure. With lowering T the occupancy n 0 increases for P < ∼ 2 GPa at the expense of n 2 , while at higher P the occupancies exhibit almost no temperature dependence. As a result, at the lowest temperature T =7 K that we reached, the state |0 dominates at ambient and negative P and its occupancy drops sharply between 0 and 2 GPa. In the inset of Fig. 2 we map the ratio n 0 /n 2 as a function of P and T . The resulting 'phase diagram' can be divided into two domains: the low P -low T region with the Ce 4f mostly in the state |0 and the rest, where the state |2 dominates. The boundary n 0 = n 2 between these two domains (dashed line in inset of Fig. 2 ) extrapolated to T =0 gives P cr ≈2.5 GPa. Recent q-dependent NIXS measurements [17] found Ce 4f in the state |2 at ambient pressure and T =20 K, in agreement with our calculations. In contrast to the orbital occupancies, the total calculated occupancy of Ce 4f shell shows modest dependence on pressure At a qualitative level, this orbital transition can be captured by a periodic Anderson model consisting of two localized levels split by a CF field ∆ cf , and such that the hybridization of the lowest level (|0 ) with itinerant bands is (approximately twice) smaller than that of the excited level (|2 ), as introduced in Ref. [31] . The resulting orbital occupancy vs. (V ,T ) map [32] for this model at low to moderate T is remarkably similar to the one of CeCu 2 Si 2 shown in Fig. 2 . We note that the critical strength of hybridization V cr for the transition in the two-level PAM can be estimated from the condition ∆ cf = T K,ex −T K,gs ≈ T K,ex , where T K,ex(gs) is the singleimpurity Kondo scale for the excited (resp. ground-state) level and T K,ex ≫ T K,gs due to exponential dependence of T K on the hybridization strength.
The low-energy electronic structure of CeCu 2 Si 2 is also affected by the orbital transition. In Fig. 3a we display the partial densities of states (PDOS, or orbital-resolved spectral functions) of the |0 , |1 and |2 orbitals in the vicinity of the Fermi level E F at T =7 K as a function of P . One sees that the Kondo peak due to the Ce 4f quasiparticle states located at E F changes its orbital character from |0 to |2 as the system undergoes the orbital transition between 0 and 2 GPa. After the transition its weight rapidly increases with P due to enhancement of the Kondo scale. The occupied spin-orbit and CF peaks at ambient P are located at -0.2 eV and -35 meV, respectively, in agreement with recent photo-emission measurements [29] . They are shifted to lower energies and change their orbital character as P increases. The prominent CF satellite peaks above E F in Fig. 3a are due to empty (or weakly occupied) CF states, their positions with respect to Fermi level define the renormalized CF splitting. The calculated zero-pressure CF splitting of about 40 meV (the experimental value is 30-37 meV [27] [28] [29] ) exhibits a moderate increase with P , with the orbital character of the second CF peak switching across the transition.
The low-energy PDOS at ambient pressure and high T =58 K features a hump in the vicinity of E F due to the state |2 . One may also notice there a small dip located exactly at E F (Fig. 3b) , showing that a heavy-fermion Fermi-liquid state is not yet formed at this temperature. With decreasing T the system moves to the phase where |0 dominates (inset of Fig. 2 ), which is signaled by the formation of a Kondo peak of the corresponding character at E F and by a shift of the spectral weight of |2 away from E F to higher energies. The main Kondo peak appears to be fully formed only at the lowest T of 7 K, in agreement with experimental estimates T K ≈10 K for CeCu 2 Si 2 at ambient P [27] .
We extracted the orbital-resolved mass enhancements m * Γ from the corresponding self-energies Σ ΓΓ (iω) on the Matsubara grid as 1 − [ dImΣ ΓΓ (iω)/dω| ω→0 ], then the average mass enhancement m * av was computed as
is the corresponding PDOS at the Fermi level. As shown on Fig. 3c , the orbital transition |0 → |2 is accompanied by a significant reduction of the mass enhancement m * GS of the most occupied orbital (with |GS = |0 for P ≤ 0 GPa and = |2 for P ≥ 2 GPa), while m * GS exhibits a rather slow linear decay away from the transition region. The evolution of the average mass enhancement m * av is generally the same as that of m * GS , apart from P =0 GPa, where the system at T =7 K seems to be still in an intermediate state and is expected to move to the |0 -dominated phase at lower T 's (see inset in Fig. 2 ). This calculated mass enhancement vs. P evolution is in good agreement with experiment [13] . Hence, one may In the top panel we show the spectral functions the momentum transfer dependent spectra (solid/dashed thin black line) and the difference sprectrum (thick red line). In the middle and bottom panels we display the NIXS difference spectrum upon increasing pressure at constant T=7 K and increasing temperature at ambient pressure, respectively. One may notice that the NIXS difference sprectrum undergoes structural changes due to the predicted orbital transition.
conclude that the system in a 'heavy' Fermi-liquid state at low P transforms into a 'lighter' Fermi liquid through the orbital transition, at which the dominating CF state changes. Finally, we discuss spectroscopic signatures of the orbital transition, providing a direct experimental test of our theoretical predictions in future experiments. In the past years it has been established that linear dichroism at the cerium M-edge of XAS (dipole transitions from 3d core-to 4f valence states) [33, 34] or, even richer in information, q-dependence (momentum-transfer) in NIXS (dipole, octopole, and triakontadipole from 4d core-to 4f valence states) [35, 36] directly reflect the symmetry of the local Ce wavefunction.
Hence, using full multiplet cluster calculations, we have simulated XAS and NIXS signals following from our theory [41] . While the XAS spectra can only probe the ground state composition by means of absolute contributions of |J z = 5/2 > and |J z = 3/2 > respectively, NIXS is capable of probing also their relative sign, i.e. the orientation of the wavefunction in the ab-plane, and hence distinguish states |0 and |2 . We thus refer to the supplementary material for the XAS spectra and focus here on the more informative momentum-transfer dependent NIXS signal which we report in Fig.4 . The upper panel displays, at P = 0 and T = 7K, the spectral function for two different directions of momentum transfer (solid: q||(0, 0, 1), dashed: q||(1, 0, 0)) at a fixed absolute value of |q| = 9.3Å −1 . Also plotted in red/dark grey is the difference spectrum A(ω) q||(0,0,1) − A(ω) q||(1,0,0) . The central panel displays the evolution of this difference spectrum at fixed temperature (7K) upon increasing pressure from 0GPa to 6GPa. While at 0GPa the ground state is dominated by state |0 > (red spectrum) the switch to a state |2 > dominated ground state (light blue spectrum) already at 2GPa is clearly visible, e.g. in the respective amplitude of the first two peaks between 3 eV and 5 eV, or in the increase between 7 eV and 10 eV. We find the same clear-cut fingerprint of the orbital transition for the evolution at ambient pressure upon increasing temperature to ≈ 50K (bottom panel). Also here the change of the ground state wavefunction is signaled by a change of the difference spectrum. While this change is qualitatively similar to the evolution with pressure, the absolute spectra differ due to the (slightly) different absolute values of the |J z = 5/2 > and |J z = 3/2 > coefficients.
In conclusion, our first-principles LDA+DMFT calculations predict the existence of a pressure-and temperature-induced orbital transition in CeCu 2 Si 2 . At this transition, the 4f electron weight is transferred from CF state |0 (the atomic ground-state for vanishing hybridization) to the excited level |2 , because the latter hybridizes more strongly with conduction electrons. Our results lead to clear-cut predictions for spectroscopic experiments like NIXS, where the fingerprint of the orbital transition can be detected in momentum-transfer dependent scattering cross sections. A similar "meta-orbital" transition between two CF levels with different hybridizations has been recently discussed in the context of a twoband periodical Anderson model [31] . However, it has not been, to our knowledge, demonstrated from ab initio simulations of any real heavy-fermion material. It is tempting to speculate that the critical fluctuations associated with this orbital transition are responsible for the pairing in the high-pressure SC dome of CeCu 2 Si 2 and iso-electronic CeCu 2 Ge 2 . Indeed, the calculated critical pressure of 2.5 GPa at zero temperature is rather close to the experimental maximum of this dome. Similar orbital transitions between CF levels may also explain the superconductivity away from magnetic quantum points in other HF compounds. It will be interesting to investi-gate whether such orbital transitions are always related to a double-dome SC or whether they can as well occur in single-dome and non-SC HF compounds (e.g. CePd 2 Si 2 , CeAl 2 ). We finally note that 'composite pairing' SC has been proposed theoretically [37] to arise at the boundary between two distinct HF liquids originating in two orthogonal CF levels.
We acknowledge discussions with D. Jaccard, who attracted our attention to this problem, as well as with J.-P. Rueff 
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METHOD
Our LDA+DMFT [18, 19] combines a full-potential linear augmented plain-wave electronic structure method [20] with the dynamical mean-field theory (DMFT) [21] treatment of the on-site Coulomb repulsion between Ce 4f states. To solve the DMFT quantum impurity problem (QIP) we employed the numerically exact hybridization-expansion continuous-time quantum Monte-Carlo (CT-QMC) method [22] as implemented in the TRIQS [23] package. The Wannier orbitals representing Ce 4f states were constructed from the Kohn-Sham states within the energy range from -12.4 to 5.4 eV using the projective approach of Ref. [18] The local Coulomb interaction between Ce 4f electrons was approximated by a spherically-symmetric densitydensity form parametrized by the Slater parameter F 0 =U =6.36 eV obtained by a constrain LDA method and Hund's rule coupling J=0.7 eV. The fully-localizedlimit form of the double-counting correction term was employed throught. We used the eigenstates |Γ of Ce 3+ obtained by diagonalizing the ab initio crystal-field and spin-orbit Hamiltonian as a basis in CT-QMC. Rather small off-diagonal elements of the DMFT hybridization function in the {Γ} basis were neglected. This approximation allowed us to treat the full Ce 4f shell and to access low temperatures using the fast "segment picture" algorithm of CT-QMC [22] . The DMFT QIP was solved using up to 3×10
11 CT-QMC moves with a measurement performed after each 200 moves. The analytical continuation of imaginary-frequency self-energies to the real axis was carried out with a stochastic version of the Maximum Entropy method [39] .
TWO-BAND PERIODIC ANDERSON MODEL
In order to understand better the origin of the orbital transition in CeCu 2 Si 2 we have solved a two-band periodic Anderson model (PAM) introduced in Ref. [31] within DMFT and using the CT-QMC method to treat the quantum impurity problem. The model reads
where c † iσ (c iσ ) and f † iΓσ (f iΓσ ) are the creation (annihilation) operators on the lattice site i for conduction and localized states, respectively. Two localized states Γ = 1, 2 on each lattice site have the bare level position ε Γ and hybridize with the strength V Γ with the conduction band H cond = kσ ǫ k c † kσ c kσ . The last two terms in (1) are the intra and inter-orbital on-site Coulomb repulsions, respectively. In this model we neglect Hund's rule coupling, assuming it to be not important for the case of the localized band occupancy close to 1 and a small hybridization. We consider the case when the exited crystal-field (CF) level |2 hybridizes stronger with the conduction band (ε 1 < ε 2 and V 1 > V 2 ) and, hence, hybridization (Kondo screening) effects compete with the CF splitting.
The corresponding local Green's functions (GF) (omitting the spin index) for the localilzed levels the Matsubara grid read
where the conduction electrons' local GF is
HereD(E) =
E−ǫ dǫ is the Hilbert transform of the conduction-electron density of states,
is the DMFT self-energy for level Γ, µ is the chemical potential fixing the total occupancy of conduction and localized states to 2 electrons per site. As usual, the DMFT self-consitency condition is
where the local GF of the lattice problem is given by (2) and the G imp Γ is obtained by solving the corresponding DMFT quantum impurity problem (in our case, with the CT-QMC method).
We chose a particle-hole symmetric semi-cilcular density of states of half-bandwidth D =1 for the conduction band as well as the position of the lowest local level ε 1 =-2.5, the splitting between the levels ∆ 12 = ε 2 − ε 1 =0.007 and U =6.0. As one may notice, the local-levels' parameters were chosen as to mimic the two competing CF states in CeCu 2 Si 2 . We varied the hybridization strenght to simulate the effect of pressure, while keeping the ratio of the hybridization matrix elements V 2 /V 1 = 2.
Results
In Fig. S1 we display the evolution of the occupancy n 1 of the lowest level as function of the corresponding hybridization strenght V 1 for several values of the temperature kT /D. As one may notice, at high T the occupancy n 1 decays slowly and smoothly with increasing V 1 , while at low T it exhibits a sharp drop from the values close to 1.0 to about 0.1 near the critical hybridization strenght V even at low T (it decreases by about 2% from V 1 =0.05 to V 1 =0.30 at β =1000).
The critical value of hybridization can be obtained from a simple comparison of the energy gain due to the single-impurity Kondo screening with the value for the bare level splitting. We used for the single-impurity Kondo scale of the level Γ the standard expression [40] 
where
|εΓ||εΓ+U| , D =1 and ρ = 1 are the halfbandwidth and the density of states at the Fermi level, respectively, for the conduction states. One may notice that for our range of parameters T K2 ≫ T K1 . Then at the critical hybridization strenght V cr 1 the gain in energy due to the Kondo screening T K2 − T K1 ≈ T K2 should be equal to the level splitting ∆ 12 . Solving T K2 = ∆ 12 with our parameters gives V cr 1 = 0.207, in very good agreement with the value obtianed in the full DMFT PAM calculations.
In Fig. S2 we display the resulting map of the occupancy n 1 as function of T and V 1 . To facilitate the comparison with the actual CeCu 2 Si 2 case the temperature in Fig. S2 is plotted in Kelvins assuming the rest of model parameters in eV. As in CeCu 2 Si 2 the low-temperature part can be divided in two regions with a rather sharp transition in between. In the first low-hybridization one the localized electron is at the lowest level 1 and in the second large-V region the electron is at the exited level 2. The part of the diagram highlighted in Fig. S2 with the black rectangle is qualitatevely very similar to the corresponding (T ,P ) map for CeCu 2 Si 2 plotted in inset of Fig. 2 of the main text, with a n 1 region located in the low-T/low-V coner and both hybridization and temperature-induced n 1 → n 2 transitions possible. One may also notice that at high temperatures the orbital transition is smeared away.
CALCULATIONS OF X-RAY SPECTRA
The importance of a reliable experimental determination of the symmetry of the CF ground state (by means of its J z composition) in heavy fermion compounds has been realized some time ago. First studies employed neutron scattering with great success in determining crystal field splittings with inelastic scattering. However, phonon scattering and magnetic excitations which occur in the same energy window prohibit a unambiguous determination of the exact ground state wave function. Other attempts with fitting anisotropic magnetic susceptibility turned out to yield ambiguous results due to the sensitivity to non-local couplings. It turned out, however, that certain core level x-ray spectroscopy techniques, as a consequence of their intrinsic local nature, are able to yield the informations we seek (for further reading on this topic we refer to Refs. [33, 34, 36] and references therein). Hence, In order to test our hypothesis also experimentally, we have performed simulations of polarization dependent soft x-ray absorption spectroscopy (XAS) and momentum transfer dependent non-resonant x-ray scattering (NIXS).
The simulations have been performed by means of well established full Multiplet cluster calculations on a configuration interaction basis using the code of Ref. [38] . The most relevant excitations for both techniques which excite a (3d in XAS M-edge; 4d in NIXS) core electron have to be considered as very localized many body excitons.
S3
While linear dichroism is able to determine the J zcomposition by means of absolute values the sesitivity to the orientation of the orbital in the tetragonal ab-plane. It is only higher order transitions than dipole as measured in NIXS can distinguish between state |0 > and |2 >.
Below we give comprehensive "maps" of XAS and NIXS spectra as a function of temperature and pressure which should significantly simplify comparison of our results to experimental data. . Simulation of non resonant inelastic x-ray scattering (NIXS) and its momentum transfer dependence as a function of temperature and pressure. Plotted in black solid/dashed lines are the spectra for momentum transfer of |q| = 9.3Å in directionq||(001)/q||(100). The difference spectrum is plotted as red/blue curve for a |0 > / |2 > ground state.
